The growth of varicella-zoster virus in human diploid cells was studied. Newly synthesized varicella-zoster virus appeared to be transferred from the perinuclear cisterna to the Golgi region of the cell, probably by a discontinuous route involving endoplasmic reticulum. In the Golgi, varicella-zoster virus and acid phosphatase, a lysosomal marker enzyme, were packaged together into small vesicles. These small vesicles apparently coalesced to form larger vacuoles. Virus particles were probably transported through cytoplasm in these vacuoles with lysosomal enzymes, and particles seemed to be released by exocytosis. Extracellular virus was pleomorphic. Rupture of lysosomes into cell cytoplasm in varicella-zoster virus infected cells was not detected. It is postulated that the presence of lysosomal enzymes and varicella-zoster virus in the same cytoplasmic vacuoles may result in inactivation of varicella-zoster virus during egress of the virus from the cell. This may account for the'cell-associated' character of varicella-zoster virus infection in tissue culture.
INTRODUCTION
Varicella-zoster virus (VZV) is a cell-associated herpesvirus (Melnick et al. 1964) . When VZV is propagated in monolayer cultures, infection apparently spreads by cell-to-cell contact, since infectious particles are not found in supernatant medium (Weller, Witton & Bell, 1958) . Electron micrographs, however, reveal the existence of extracel!ular VZV (Becket, Melnick & Mayer, 1965) . It would appear, therefore, that although VZV is released from infected cells, the extracellular virus lacks infectivity. This study of the synthesis of VZV was undertaken in an attempt to explain the cell-associated nature of this virus.
METHODS

Cells.
Human embryonic lung fibroblasts (HELF) of the New York University (NYU)-I7 strain were propagated with modified Eagle's medium (Kissling & Reese, 1963) containing IO % foetal calf serum (FCS). Medium with 2 ~o FCS was used for maintenance of cultures.
Virus. The ELLEN strain of VZV (Brunell & Casey, I964) was used. Virus was propagated in monolayers infected at an input multiplicity of infection of approximately I p.f.u./Ioo cells and maintained for 48 h at 37 °C. Cell-free virus (CFV) was prepared by ultrasonic disruption of an infected cell pack in Hanks balanced salt solution (HBSS) (Brunell, I967) .
Density gradients. CsC1 (Gallard-Schleisinger) gradients were prepared in 0"04 M-phos-phate buffer containing I ~o bovine albumin fraction V mixed with cell-free VZV. The starting density of the gradient was 1-28 g/era 3. Preformed sucrose density gradients were composed of I.O ml of each of 7o %, 6o %, 5o % and 40 % sucrose (Mann) in water. HBSS (o'5 ml) containing approximately 3oo p.f.u, of cell-free VZV was layered over this gradient solution. All gradients were centrifuged at I4OOOO g at 4 °C. CsC1 gradients were centrifuged for 48 h, while sucrose gradients were centrifuged for I h. Fractions were collected dropwise after puncturing the bottom of the centrifuge tube. Samples of each fraction were dialysed against HBSS for 2 h and assayed for infectivity in screw-capped tubes containing HELF monolayers. Plaques were counted microscopically. Undialysed samples were used to test for the presence of lysosomal enzymes. Lysosornal enzyme assays. Acid phosphatase and fl-glucuronidase activities were assayed and served as lysosomal markers. Specimens were tested for the presence of these enzymes as described by Flanagan (1966) . Enzymic activity was expressed in units of specific activity or as a percentage of nag of phosphorus or phenolphthalein liberated per gradient. Every specimen assayed for enzyme activity was rapidly frozen and thawed eight times prior to testing. Medium from cultures was concentrated by vacuum dialysis to i]io its original volume prior to enzyme assay.
Electron microscopy. Infected HELF were scraped into 3 % glutaraldehyde in o'o4 Mphosphate buffer at 4 °C, and centrifuged at 2oooo rev/min for 20 min. The resultant pellets were subsequently fixed in 1% OsO~ buffered with o'o4 M-phosphate buffer, pH 7"4, at 4 °C, dehydrated in ethanol, cleared in propylene oxide, and embedded in epoxy resin (Epon 812). Sections were cut with a ServaU automatic ultramicrotome equipped with a diamond knife, mounted on copper grids, stained with uranyt acetate and lead citrate, and examined on a Phillips EM 2oo electron microscope.
Electron microscopic histochernistry. Infected monolayers were fixed for io rain in 1.5 % glutaraldehyde containing o.I M-sodium cacodylate buffer, pH 7"4, at 4 °C. Subsequently the glutaraldehyde was discarded, and the monolayers were incubated for 9o rain at 37 °C in substrate solution. The substrate solution consisted of 50 ml of 0"o5 M-acetate buffer, pH 5"o, containing o. 12 ~o lead nitrate and 5 ml of 3 % aqueous sodium fl-glycerophosphate (Barka & Anderson, 1962) which had been pre-incubated overnight at 37 °C and filtered prior to use. After incubation with substrate solution, monolayers were rinsed with acetate buffer twice for IO rain at 4 °C. The monolayers were then scraped into cacodylate buffered glutaraldehyde and packed by centrifuging. The cells were subsequently prepared for electron microscopy as described above except that cacodylate buffer was substituted for phosphate.
Assay of lysosomal activity in cytoplasmic compartments of normal and infected cells. Monolayers were inoculated with CFV, and after the number of hours stated, they were rinsed with o.25 M-sucrose and scraped into a Dounce homogenizer. After five strokes the solutions were centrifuged at iooo rev/min for IO rain to remove nuclei. The supernatant fluid was further subdivided into two cytoplasmic fractions by Centrifuging at 25 ooo rev/min for zo rain. One contained cytosol and ribosomes and the other mitochondria and lysosomes. Samples of the two cytoplasmic fractions were tested for lysosomal activity. within 24 to 48 h. These areas enlarged, but remained discrete for up to 96 h. In order to determine whether media from infected cultures inactivated extracellular VZV, medium was removed from cultures in which VZV had been propagated for 96 h. This medium was added to other H E L F which were inoculated with 5 x Io 3 VZV particles. No differenceinthe number of areas of c.p.e, was noted. To determine whether cultures already infected with VZV were resistant to superinfection, 5 x ~o 3 particles of VZV were added to uninfected control cultures or cultures infected 2 days previously with 5 x io 3 VZV. After 3 more days' growth, there were approximately twice as many virus plaques in the superinfected than in the control cultures.
RESULTS
Growth characteristics of varicella-zoster virus
Separation of varicella-zoster virus from lysosomal enzymes
When cell-free VZV was centrifuged through either sucrose or CsC1 density gradients it was impossible to separate infectious virus from lysosomal enzymes. In sucrose gradients the lysosomal enzymes were found principally in two bands, one at the 4o to 5o % interface and two at the 30 to 40 % interface. Infectious virus was present at the 4o to 5 ° % interface, where 83 % of the total acid phosphatase and I9 % of the total fl-glucuronidase recovered in the gradient were also localized. In CsC1 gradients, virus infectivity, 34 % of the total acid phosphatase and 79 % of the total/?-glucuronidase were found at densities of 1.3o to I.z 7 g/cm 3. These relationships are presented in Fig. I .
Electron microscopy of cells infected with varicella-zoster virus
Electron micrographs revealed many unenveloped immature virus particles in the nuclei of infected cells (Fig. 2) . Enveloped nucleocapsids were seen in the perinuclear cisterna, frequently close to points of continuity between endoplasmic reticulum and the perinuclear Forms can be seen in the extracellular space (S), suggesting virus exocytosis or endocytosis (E). Particles, tentatively identified as virus particles, can be found within smooth membranous tubules (G) in the inner aspect of the Golgi region of the lower cell. A coated vesicle (C V) appears to contain a virus particle. Fat droplets (D) and a part of a nucleus (N) can also be seen. cisterna (Fig. 3) . Cytoplasmic virus particles were seen in several locations. In the Golgi region of the cell, virus was found inside of smooth-surfaced tubules and vesicles (Figs. 4, 5) and within bristle coated vesicles. Elsewhere in the cytoplasm the virus was found in multivesicular bodies (Figs. 4, 6 ). Such virus particles appeared distorted, and portions of the virus envelope were absent. Virus particles were rarely found in the cytosol outside the vacuolar phase o f the cell. Frequently, images o f omega figures containing virus were seen at the plasma membrane, which suggested they were vacuoles in the process o f releasing their contents by exocytosis (Fig. 2) .
Electron-microscopic histochemistry
In control uninfected cells, lead phosphate reaction product, marking acid phosphatase activity, was found in saccules of the Golgi apparatus and in lysosomes. In infected cells, reaction product was again noted in the Golgi saccules and was also found in those vacuoles which contained virus particles (Fig. 7) . A great deal o f acid phosphatase activity was present in infected cells; some activity was noted in almost every cell examined. 
Distribution of lysosomal enzymes in normal and infected cells
Acid phosphatase and fl-glucuronidase were measured in two cell fractions containing (I) lysosomes and mitochondria and (2) ribosomes and cytosol from both normal and infected cells at various intervals after growth or inoculation with VZV. Although the specific activity of lysosomal enzymes in H E L F approximately trebled with increasing age of the cells, no differences in specific activity of enzymes in the lysosomal or cytosolfractions of normal or infected cells were found. Furthermore, there was no shift of lysosomal enzymes from the particulate to the free phase in either normal or infected cells, with time. Only a small proportion of enzymes was ever found in the cytosol (Fig. 8) . A very small amount of enzymic activity was present in supernatant medium of both infected and uninfected cultures. This activity was only barely detectable despite concentration of media by vacuum dialysis by a factor of ~o prior to analysis.
DISCUSSION
While the cell-associated nature of VZV in tissue culture has been long recognizedV(Weller et aL I958), it has never been adequately explained. The present study rules out interferon, interference, and inactivation by supernatant fluid as causes for the ' cell-association' of infectivity. Another possible explanation is that faulty maturation of virus in tissue culture may result in the absence of infectious cell-free virus (Becker et al. I965) . It has been demonstrated, however, that in contrast to the situation for herpes simplex virus (HSV), the propor- tion of VZV particles with cores actually decreases between nucleus and cytoplasm (Cook & Stevens, I968). Thus, whether the maturation of VZV in tissue cultureis normal or abnormal, it is likely that newly synthesized VZV undergoes cytoplasmic degradation. It is tempting to speculate, furthermore, that in VZV infection, faulty maturation may contribute to the susceptibility of the virus to cytoplasmic degradation. Cytomegalovirus (CMV), a closely related and somewhat cell-associated herpesvirus, may similarly undergo degradation within cytoplasm in vitro (Reubner et al. 1965 (Reubner et al. , 1966 . Cytoplasmic CMV and HSV have recently been found to be closely associated with lysosomal enzymes (J. Smith & E. De Harven, personal communication) and these enzymes may play a role in cellular defence against the virus.
Varieella-zoster virus in diploid cells
The failure to separate VZV from membrane-bound lysosomal enzymes by densitygradient sedimentation suggested but did not prove an association between VZV and lysosomal enzymes. VZV would sediment together with lysosomal enzymes if both were contained within the same cytoplasmic particles. The two might, however, be packaged separately but in particles with similar physical properties. A morphological investigation was therefore undertaken.
Electron micrographs revealed that the development of nuclear and cytoplasmic VZV was similar to that which has been demonstrated for HSV (Darlington & Moss, 1968; Nii, Morgan & Ross, I968; Schwartz & Roizman, 1969) . Cytoplasmic VZV, like HSV, is found within smooth membrane-lined compartments. It has been postulated that the compartments in which HSV is found are tubules (Schwartz & Roizman, ~969), which are continuous channels connecting the perinuclear cisterna to the outside of the cell. Such a system does not seem to apply, however, to egress of VZV under the conditions of our study. No long channels were seen suggesting continuity between perinuclear cisterna and the plasma membrane. Virus particles were seen enclosed by a rough membrane in the cisternal space, and in smooth membrane in the Golgi apparatus and in compartments which also contained acid phosphatase. It seems more likely that intracellular transport of VZV may be through a discontinuous system involving fusion and fission of vacuoles. In addition, some of the vacuoles 
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appear to be lysosomal in nature for two reasons. First, virus particles appear in vacuoles which are multivesicular bodies, classical lysosomal forms. Secondly, compartments containing virus have been shown in this study to contain acid phosphatase, a marker for lysosomal enzymes. The pathway of egress of VZV from cells suggested by these observations is illustrated in diagrammatic form in Fig. 9 . It is analogous to the process of intracellular transport and packaging of protein for export which has been found in many different types of ceils (Bainton & Farquhar, 197o; Jamieson & Palade, I967a, b, 1971) . VZV in this study was found to be morphologically and biochemically associated with lysosomal enzymes, and these enzymes may be important in cellular defence against this virus. In certain cells, such as developing granulocytes (Bainton & Farquhar, 197o) , newly synthesized but dilute lysosomal enzymes diffuse throughout the cisternal phase of the cell. If this is true of HELF, newly synthesized particles may first be exposed to lysosomal enzymes upon entering the perinuclear cisterna. Lysosomal enzymes continue to be synthesized without detectable decrease despite infection. These enzymes are known to be concentrated in the Golgi region of cells (Bainton & Farquhar, 197o; Novikoff et al. 1971) , where they were detected cytochemically in this study. Here the concentrated enzymes come in contact with virus, and the two appear to be compartmentalized together. Thus, VZV was found in the cellular region of close approximation of smooth endoplasmic reticulum (SER), Golgi and lysosomes, which has been called the GERL complex (Novikoff et al. I97I) . It has been proposed that primary lysosomes are packaged here. Virus particles were also seen in such lysosome-associated structures as coated vesicles, multivesicular bodies, and smooth membrane-limited vacuoles. All of these regions contained the cytochemical marker enzyme acid phosphatase.
The inclusion of newly synthesized virus particles into lysosomes may indeed be a general phenomenon for the herpes viruses, since it has been demonstrated for VZV, HSV and CMV. Electron micrographs of cells infected with HSV have shown this virus in what appear to be multivesicular bodies (Cook & Stevens, 1968) . It is conceivable that HSV, which is not a cellassociated herpesvirus, is invulnerable or less vulnerable to lysosomal enzymes than VZV. Others have similarly proposed that the envelope of VZV is labile in tissue culture, while that of HSV is not (Cook & Stevens, 1968) . VZV obtained from vesicle fluid of patients with varicella has been described as being a relatively stable form (Weller et aL 1958 ) . It will be important in future experiments to attempt to discover why this virus is more stable and whether it is resistant to lysosomal enzymes.
In the proposed process of intracellular inactivation of VZV by lysosomal enzymes, intracellular release of enzymes is not required. Although intracytoplasmic release of lysosomal enzymes in response to poliovirus infection has been demonstrated, it has not been found in cells infected with HSV (Flanagan, 1966) . Similarly in this study of VZV, there was no demonstrable shift of lysosomal enzymes from the particulate to the free state in infected cells. The absence of enzyme release, however, does not invalidate the hypothesis that VZV is inactivated intracellularly by lysosomal enzymes, during transit through cell cytoplasm.
